The aim of this study was to determine whether sphingoid bases that originated from various dietary sources, such as mammals, plants, and fungi, are substrates for P-glycoprotein in differentiated Caco-2 cells, which are used as a model of intestinal epithelial cells. In Caco-2 cells, the uptake of sphingosine, the most common sphingoid base found in mammals, was significantly higher at physiological temperatures than those of cis/trans-8-sphingenine, trans-4, cis/trans-8-sphingadienine, 9-methyl-trans-4, trans-8-sphingadienine, or sphinganine. Verapamil, a potent P-glycoprotein inhibitor, increased the cellular accumulation of sphingoid bases, except for sphingosine, in a dosedependent manner. Incubation with 1 M digoxin for 48 h caused up-regulation of murtidrug-resistance (MDR)1 mRNA and decreased the accumulation of sphingoid bases in Caco-2 cells, except for sphingosine. Thus P-glycoprotein probably contributes to the selective absorption of sphingosine from dietary sphingolipids in the digestive tract.
Sphingolipids are a family of compounds that have a sphingoid base (long-chain base). The most common sphingoid base of mammalian origin is sphingosine (trans-4-sphingenine). Smaller amounts of other sphingoid bases such as sphinganine (dihydrosphingosine) and phytosphingosine (4-hydroxysphinganine) are frequently present. 1) In higher plants, the sphingoid base structures of sphingolipids are more complicated than in mammals 2) because the sphingoid bases can be desaturated at the C8-position by a stereo-unselective Á8-cis/ trans-sphingolipid desaturase, yielding cis-and transisomers of Á8-unsaturated sphingoid bases, such as 8-sphingenine, 4, 8-sphingadienine, and 4-hydroxy-8-sphingenine. 3, 4) The sphingoid base 9-methyl-trans-4, trans-8-sphingadienine is typical of the sphingoid base structures found in fungi. 5, 6) Several studies have demonstrated that intake of dairy sphingolipids, such as cerebroside (glucosylceramide), sphingomyelin, and ganglioside, significantly reduces the incidence of colonic aberrant crypt foci and adenocarcinoma in CF1 mice treated with 1,2-dimethylhydrazine, [7] [8] [9] and of intestinal adenoma in Min mice. 10) Thus, the generation of sphingolipid metabolites has been linked to prevention of colon tumorigenesis. 11, 12) A plausible mechanism for this suppression by dietary sphingolipids is their hydrolysis to bioactive ceramide and sphingosine, because these hydrolysates induce apoptosis in human colon cancer cells. 13) Indeed, sphingolipids of mammalian origin can be hydrolyzed in the digestive tract. [14] [15] [16] [17] [18] Several reports have indicated that cerebrosidase activity in the intestine is identical to lactase-phlorizin hydrolase in mice and rats. [19] [20] [21] In addition, Duan et al. have reported that specific ceramidase is present in the rat and human small intestine. 22) Dietary sphingolipids from plant sources also appear to reduce the risk of colon cancer, because sphingoid bases prepared from plants induce apoptosis in DLD-1 colon cancer cells. 23) Although the mean daily intake of sphingolipids from plant sources has been estimated to be about 50 mg for humans, 24) the fate of dietary sphingolipids of plant origin has yet to be established. Previously, we investigated the digestion and absorption of cerebroside prepared from maize in the digestive tract, and our results suggested that 4,8-sphingadienine of plant origin was transported out of cells across the apical membranes of enterocytes by P-glycoprotein (Pgp) after absorption, but that this did not occur with sphingosine of mammalian origin. 25) P-gp (encoded by the MDR1 gene), a member of the ATP-binding cassette transporter superfamily, is expressed in many normal tissues, such as the brain, liver, kidney, and small intestine. P-gp is involved in detoxification in organisms via excretion of toxic compounds into the bile, urine, and gastrointestinal tract. In the digestive tract, P-gp is considered to act as an absorptive barrier for orally administered drugs, natural products, and toxicants. 26) The aim of the present study was to assess the role of P-gp in the transcellular efflux of sphingoid bases in Caco-2 cell monolayers and to clarify the structureabsorption relationship among a wide variety of dietary sphingoid bases of animal, plant, and fungal origin.
Materials and Methods
Materials. Digoxin, essentially fatty acid-free BSA, sodium taurocholate, sphinganine, sphingosine, and verapamil, was purchased from Sigma Chemical (St. Louis, MO). Rhodamine 123 was purchased from ICN Biochemicals (Cleveland, OH). All other chemicals and solvents were of reagent grade.
Preparation of sphingoid bases. Isomers of sphingoid bases, 8-sphingenines, 4,8-sphingadienines, and 9-methyl-trans-4, trans-8-sphingadienine were isolated from wheat, maize, and yeast (Kluyveromyces lactis), as described previously (Fig. 1) . 25) The purities of all sphingoid bases prepared were > 96% as determined by oxidation with sodium periodate and subsequent gas liquid chromatography of the resulting fatty aldehydes. 27) Cells and cell culture. Caco-2 cells (Riken Gene Bank, Tsukuba, Japan) were maintained in 10-cm dishes containing DMEM supplemented with 10% (v/v) FBS, 4 mM L-glutamine, 40 U/ml penicillin, 40 g/ml streptomycin, and 0.1 mM nonessential amino acids as described previously. 28, 29) For the experiments, cells at passages 40 to 60 were seeded in 12-well plates at 1:2 Â 10 5 cells/well. The experiments were performed at 20 to 22 d post-seeding.
Cellular uptake of sphingoid bases. After incubation with serum-free DMEM containing 5 M sphinogoid bases, 2 mM sodium taurocholate, and 0.5% (w/v) BSA for 1 h, the cellular accumulation of sphingoid bases was determined by HPLC as described previously. 25) The temperature dependence of the uptake of sphingoid bases in Caco-2 cells was determined by comparing the cellular accumulation at 4 C and 37 C for 1 h. To examine the effect of P-gp inhibitor, differentiated monolayers of Caco-2 cells in 12-well plates were preincubated for 30 min with serum-free DMEM containing 0-100 M verapamil, and then the medium was replaced with the test medium containing 5 M sphingoid bases without or with verapamil.
For up-regulation of the P-gp expression, Caco-2 cells were pretreated with 1 M digoxin for 48 h after culture in the manner described above, and the uptake of rhodamine 123 in digoxin-treated cells was measured for assessment of P-gp activity.
30)
RT-PCR analysis of MDR1 mRNA. Total RNA from Caco-2 cells treated without or with 1 M digoxin was isolated with TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA), according to the protocol provided by the manufacturer. The gene expression levels of MDR1 mRNA were determined with a real-time PCR system (DNA Engine OpticonTM 2 System, MJ Research Inc., CA). The reverse transcription reaction was performed using the SuperscriptÔ First-Strand Synthesis System for RT-PCR (Invitrogen Life Technologies) according to the manufacturer's instructions. The synthesized cDNA was amplified by PCR using a DyNAmo SYBR Green qPCR kit (Finnzymes, Espoo, Finland) and gene-specific primers for MDR1 31) or GAPDH.
32) The PCR conditions used were 95 C for 5 min and then 95 C for 10 s and 59 C for 50 s over 40 cycles for each gene. For quantification, samples were normalized against the expression of GAPDH-encoding mRNA. The cDNA was also amplified using puReTaq Ready-To-Go PCR Beads (Amersham Pharmacia Biotech, Piscataway, NJ) and the same primer as that described above, according to the manufacturer's instructions. PCR amplification was initiated by one cycle of 94 C for 2 min followed by 34 (MDR1) or 24 (GAPDH) sequential cycles of denaturation at 94 C for 15 s, annealing at 60 C for 30 s, and extension at 72 C for 1 min. PCR products were separated on 2% (w/v) agarose gels. 
Results
All sphingoid bases examined accumulated in the cells after incubation with 5 M sphingoid base for 1 h at 37 C and 4 C (Fig. 2) . The accumulation of sphingosine in Caco-2 cells was significantly higher than those of other sphingoid bases at 37 C (P < 0:0001). Cellular accumulation of sphinganine, and sphingoid bases prepared from plants and yeast, such as cis/trans-8-sphingenine, trans-4, cis/trans-8-sphingadienine, and 9-methyl-trans-4, trans-8-sphingadienine, remained at approximately the same levels in the cells at 37 C. On the other hand, the accumulation of all sphingoid bases at 4 C was significantly higher than at 37 C, except for sphingosine. This suggests that energy is required for efflux of sphingoid bases out of Caco-2 cells except in the case of sphingosine.
To estimate the contribution of P-gp to the efflux of sphingoid bases, we examined the effect of verapamil, a P-gp inhibitor, on the accumulation of sphingoid bases in the cells. The cellular concentrations of sphinganine and sphingoid bases prepared from plants and yeast after 1 h incubation with 5 M of each sphingoid base increased dose-dependently in the presence of verapamil (Fig. 3) . After treatment with 100 M verapamil, the accumulation of sphingoid bases was 160-280% of control values, but the accumulation of sphingosine was not affected by the P-gp inhibitor.
For up-regulation of P-gp expression, the differentiated Caco-2 cell monolayers were incubated with 1 M digoxin for 48 h. 30) We confirmed that there was a 1.7-fold increase in expression of MDR1 mRNA using real-time RT-PCR, and that the accumulation of rhodamine 123 was significantly reduced in digoxin-treated Caco-2 cells compared with non-treated cells (Fig. 4) . Similarly, the accumulation of sphinganine and sphingoid bases of plant and fungal origin in digoxin-treated cells was significantly lower than in non-treated cells (Fig. 5) , but the accumulation of sphingosine of mammalian origin was not affected by the treatment with digoxin.
Discussion
These results indicate that the sphingoid bases originating from various dietary sources were substrates for P-gp, which transported the sphingoid bases out of Caco-2 cells. But the cellular uptake of sphingosine, the most common sphingoid base in sphingolipids of C using Student's t test, *P < 0:05, **P < 0:01 and ***P < 0:001. The accumulation of sphingosine in Caco-2 cells was significantly higher than in other sphingoid bases at 37 C using Scheffé's F-test, yP < 0:0001. Abbreviations: d18:0, sphinganine; d18:1 4t , sphingosine; d18:1 8c , cis-8-sphingenine; d18:1 8t , trans-8-sphingenine; d18:2 4t,8c , trans-4, cis-8-sphingadienine; d18:2 4t,8t , trans-4, trans-8-sphingadienine; 9-Me-d18:2 4t,8t , 9-methyl-trans-4, trans-8-sphingadienine. mammal origin, was not affected by P-gp. Thus it appears that sphingoid bases degraded from dietary sources, except for sphingosine, are absorbed poorly from the digestive tract.
Phosphorylation of the primary hydroxy group of sphingoid bases is the penultimate step in the degradation of sphingolipid.
33) The phosphate esters formed are subsequently cleaved into ethanolamine phosphate and the corresponding aldehyde by sphingosine phosphate lyase. The activity of sphingosine kinase and sphingosine phosphate lyase is higher in the small intestine than in other tissues. 34, 35) Exogenous sphingosine was possibly phosphorylated by sphingosine kinase in Caco-2 cells, but apparently at a relatively low activity level of the enzyme, because the sphingosine accumulation in Caco-2 cells was not affected by temperature (Fig. 2) . Plant sphingoid bases might not be substrates for sphingosine kinase. 25) Thus the increase in cellular accumulation of sphingoid bases except for sphingosine by verapamil is probably due to inhibition of Pglycoprotein activity in the present study. In addition, cellular accumulation of these sphingoid bases in digoxin-treated cells, which were up-regulated in expression of P-glycoprotein, decreased. 30) Although it is unclear that sphingosine kinase and other metabolic enzymes of sphingoid bases are affected by digoxintreatment, the reduction in accumulation of sphingoid bases originating from plant and fungi in digoxin-treated Caco-2 cells was consistent with that of rhodamine 123, which is well known as a substrate of P-glycoprotein.
P-gp is localized in the brush border membranes of enterocytes, where its role is to facilitate excretion of its substrates into the lumen and thus to contribute to the barrier function of the gut. The substrate specificity of P-gp is broad, and a wide variety of hydrophobic compounds, including chemotherapeutic drugs and naturally occurring toxicants, are eligible substrates. Sachs et al. have suggested that sphingosine is not a substrate for P-gp.
36) The mechanism of selective efflux of sphingoid bases by P-gp remains unclear. We speculate that P-gp is unable to distinguish sphingosine from other sphingoid bases because of the wide variety of chemical structures that are acceptable substrates for P-gp. There may be some other mechanisms that contribute to the differentiation and stability of uniquely exogenous sphingosine in enterocytes and it may be that this inhibits the efflux mediated by P-gp. In our previous study, MK-571, an inhibitor of multidrug resistanceassociated protein 2 (MRP2), did not alter the accumulation of sphingoid bases, 25) but it remains unclear whether absorption of sphingoid bases is affected by other ATP-binding cassette (ABC) transporters. Although trans-4, cis-14-sphingadienine was detected in human plasma sphingomyelin in an early study, 37) the unsaturated C8-position types of sphingoid bases ingested daily from plants and fungi are not found in mammalian tissues. Thus, sphingoid bases produced from various dietary sources via hydrolysis in the digestive tract, except for sphingosine, is perhaps poorly incorporated and resynthesized into complex sphingolipids in tissues. Overexpression of P-gp has been observed in tumor cells with a multidrug-resistant phenotype, and, because P-gp is capable of transporting a variety of structurally and functionally diverse chemotherapeutic drugs, this would lead to a reduction in intracellular drug concentrations and thus to decreased cytotoxicity. 38) Sphingoid bases of plant and fungal origin appear to be unsuitable as anti-cancer compounds because they are P-gp substrates, as explained in the present study. We confirmed previously, however, that plant sphingoid bases in Caco-2 cells remained at detectable levels for 6 h after incubation, 25) and that plant sphingoid bases induced apoptosis in DLD-1 colon cancer cells, 23) which expressed MDR1 mRNA.
39) The exogenous sphingoid bases might be able to trigger apoptosis before the efflux of P-gp. The mechanism of apoptosis induction by plantorigin sphingoid bases deserves further study.
The present findings offer new insight into the intestinal absorption of dietary sphingolipids from plant and fungal sources, particularly with respect to sphingoid base structures. Our results perhaps indicate that Pgp contributes not only to a barrier function against toxic compounds but also to the selective absorption of natural products from foodstuffs in the small intestine.
